The impact of a central or peripheral visual field loss on the vision strategy used to guide walking was determined by measuring walking paths of visually impaired participants. An immersive virtual environment was used to dissociate the expected paths of the optic-flow and egocentric-direction strategies by offsetting the walkerÕs point of view from the actual direction of walking. Environments consisted of a goal within a forest, the goal alone, or the forest alone following a brief presentation of the goal. The first two environments allowed an evaluation of the visual information used in a goal-directed task whereas the third environment investigated the information used in a memory-guided task. Participants had either a central (CFL) or peripheral visual field loss (PFL) or were fully sighted (FS). Results showed that, for the goal-directed task, the CFL group was less influenced by optic flow than was an age-matched FS group. Optic flow decreased heading error by only 1.3°(16%) in the CFL group compared to 3.6°( 42%) in the FS group. The PFL group showed an optic-flow influence (2.4°or 26%) comparable to an older, age-matched FS group (2.9°or 31%). For the memory-guided task, all but the PFL group had heading errors comparable to those obtained in the goalalone scene, demonstrating the ability to use an egocentric-direction strategy with a stored representation of either the goalÕs position or an offset relative to a landmark instead of a visible goal. The paths of the PFL group veered significantly from the predicted paths of both the optic-flow and egocentric-direction strategies. The findings of this study suggest that central vision is important for using optic flow to guide walking, whereas peripheral vision is important for establishing and/or updating an accurate representation of spatial structure for navigation.
Introduction
The spatial architecture of the retina together with the cortical wiring specific to the central and peripheral retina produces visual-function differences between the two regions. Among other differences, the central retina has high sensitivity to image contrast and displacement compared to the peripheral retina, whereas the peripheral visual field covers a larger spatial extent than does the central visual field. These differences in visual function have counterparts in orientation and mobility performance (Long, Rieser, & Hill, 1990) . For example, a loss in the peripheral visual field is associated with unwanted contacts and disorientation (Geruschat, Turano, & Stahl, 1998; Kuyk, Elliott, & Fuhr, 1998b; Marron & Bailey, 1982; Turano, Geruschat, Stahl, & Massof, 1999a; Turano, Massof, & Quigley, 2002; Turano, Rubin, & Quigley, 1999b ) whereas a loss in the central visual field is associated with a failure to detect elevation changes (Genensky, Berry, Bikson, & Bikson, 1979; Smith, De lÕAune, & Geruschat, 1992; Szlyk, Fishman, Grover, Revelins, & Derlacki, 1998 basic differences in visual function and performance, it is reasonable to posit that the central and peripheral retina might mediate different types of visual information for walking.
To walk safely and efficiently in an unfamiliar environment one needs to know the spatial relationship between self and object and be able to update that relationship as one moves. The visual context of a target provides information that can aid the walker, e.g., a structure whose image changes with the walkerÕs movements (optic flow). Moving forward in the environment causes the image at the eye to transform in a radial manner, and the focus of expansion (FOE) corresponds to the point in the environment to which the walker is heading. Consequently, walking towards a goal can be achieved by overlapping the FOE to the goal (Gibson, 1950; Warren, Kay, Zosh, Duchon, & Sahuc, 2001) . Other strategies that rely on the optic flow for walking include the flow-equalization strategy (Duchon & Warren, 2002) and strategies that rely on more local cues, such as differential motion (or displacement) parallax and inward motion (or displacement), proposed by Cutting and colleagues (Cutting, Springer, Braren, & Johnson, 1992; Vishton & Cutting, 1995) . 1 Studies have provided empirical evidence to support the idea that optic flow can guide walking (Harris & Carre, 2001; Warren et al., 2001; Wilkie & Wann, 2002) .
However, people can walk accurately to a goal in the absence of a targetÕs visual context. This can be seen by observing people walking in dimly lit areas or in sparse surroundings and has been empirically demonstrated in systematic studies by Rushton, Harris, Llyod, and Wann (1998) as well as others (Hollands, Patla, & Vickers, 2002; Land & Tatler, 2001; Rushton et al., 1998) . The direction of the goal relative to self (egocentric coding) can be determined from the retinal location of the goal, together with extra-retinal information about the head and eye positions. One can fixate on the goal and walk towards it, minimizing the distance between the goal and self. This strategy relies on the perceived direction of the goal, and the strategy is referred to as the egocentric-direction strategy (Harris & Bonas, 2002; Rushton et al., 1998; Warren et al., 2001) .
Because the two strategies: optic-flow and egocentricdirection, generate the same path, creative techniques have been employed to dissociate the two strategies. In a study where the intent was to determine which strategy persons with full vision use for walking, Rushton et al. (1998) placed a prism in front of the walkerÕs eyes. The relative position of the elements within the scene remained unchanged by the prism but the retinal image of the scene shifted by an amount equal to the power of the prism. Warren et al. (2001) used a different approach to achieve the same end. They offset the walkerÕs point of view from the actual direction of walking using a virtual environment. With both methods, if the walker follows an egocentric-direction strategy s/he will attempt to minimize the angular distance between self and perceived direction of the goal and, as a consequence, will walk with a constant angular heading error relative to the actual position of the goal. If the walker follows an optic-flow strategy, s/ he will walk in the direction of the actual position of the goal and exhibit no heading error. Recent studies indicate that both the perceived direction of the goal and optic flow guide walking, and the degree to which optic flow influences walking is directly related to the salience of the visual context (Harris & Carre, 2001; Warren et al., 2001; Wilkie & Wann, 2002) .
The saliency dependence of the visual context suggests that the use of optic flow to guide walking will depend on how well the walker can process the optic flow. Much of what is known regarding humansÕ ability to extract heading direction from optic flow comes from studies where optic flow patterns were simulated and displayed on a computer screen. With this type of stimulus, it has been demonstrated that fully sighted observers are remarkably good at judging heading direction (thresholds lower than 1°) (Warren, Morris, & Kalish, 1988) and, other than when the FOE is at the fovea, thresholds are little affected by the retinal area of stimulation (Crowell & Banks, 1993; Warren & Kurtz, 1992) . With the FOE at the fovea, thresholds are lower by a factor of five (Crowell & Banks, 1993) . This foveal advantage found in people with full vision suggests that those with central visual field loss may be poorer at judging heading from optic flow than those with intact central fields. As a result, they may be less able to use optic flow to guide their walking.
The simulated optic-flow experiments also showed that heading-detection thresholds are largely unaffected by the size of the display provided the FOE is within the display window (Crowell & Banks, 1993; Warren & Kurtz, 1992) . Displays as small as 10°(diameter) do not significantly affect heading-detection thresholds. It follows then that persons with restricted visual fields should not be limited in their ability to extract heading direction from optic flow provided the sample of optic-flow contains the FOE. Findings from two studies using simulated optic flow provide support for this logical extension. In one study, persons whose visual fields were smaller than 10°were able to detect heading from optic flow patterns when the viewing conditions permitted active scanning, i.e., 1-s duration with full screen (Li, Peli, & Warren, 2002) . In the other study, heading information was extracted from optic flow patterns by fully sighted observers with simulated central and peripheral visual field loss (Cornelissen & Dobbelsteen, 1999) . The observersÕ task was to follow with their eyes the direction of heading, which was continuously changing. Tracking was in the general direction of heading, but the accuracy and timing of the tracking decreased with visual field loss.
While the simulated optic-flow studies indicate that persons with reduced visual fields can extract heading direction, the usefulness of the optic flow to guide walking is questioned. The cost in terms of accuracy and processing time may be so high for persons with small fields or with poor central vision that an optic-flow strategy may not be useful. This possibility is implicated in the findings of Wood, Harvey, Young, Beedie, and Wilson (2000) who showed a decreasing influence of optic flow on walking paths in conditions where the walkerÕs field of view (FOV) through a prism was decreased. However, in the Wood et al. study scene structure covaried with FOV. In the smallest FOV condition (10°, monocular viewing) the scene was a grass ground plane with no buildings or markings, whereas in the ''rich-cue'' condition the FOV was unrestricted, viewing was binocular and the scene was a textured ground plane with markings. Increasing scene structure with increasing FOV makes it impossible to separate the effects due to the FOV from those due to the saliency of optic flow.
An assumption of both the optic-flow and egocentricdirection strategies is that the goal is visible. What happens when the goal is out of view? Does the egocentric-direction or optic-flow strategy fail when the walker no longer has a goal to fixate or a visible goal to overlap the FOE? Features or objects within a scene can serve as landmarks that ''point toward'' or reference the location of an out-of-view goal. When the goal is out of view the walker could substitute for the goal an internal representation of the goalÕs offset from a visible landmark (Foo, Warren, Duchon, & Tarr, 2005) or an internal representation of the goalÕs position itself (Vishton & Cutting, 1995) . Foo et al. (2005) have recently demonstrated the importance of landmarks for accurate navigation. When tested within a virtual forest with landmarks and a virtual desert, walkers were able to take accurate shortcuts to a goal in the forest but not in the desert. Coding a goalÕs position relative to other objects in the scene (allocentric coding) rather than to oneself necessitates processing relational information over a larger spatial extent than the goal itself. For those who have small visual fields, the cost-benefit ratio associated with using the scene structure to code relative location may be too high for practical use.
In this study, we determined the impact of visual field loss on the visual information used in goal-directed and memory-guided walking. By investigating the source of visual information that persons with visual field loss use for walking we can draw inferences about the role of that ''knocked-out'' region in mediating visual information for walking. We hypothesize that the influence of optic flow in guiding walking will be reduced in persons with visual field loss compared to persons with full vision, and that the magnitude of optic-flow influence will be negatively correlated to the magnitude of visual field loss.
Methods

Subjects
A total of 47 persons participated in the study: 23 were fully sighted and 24 had vision impairment. Of the visually impaired group, 12 had CFL as a result of StargardtÕs disease and 12 had PFL as a result of glaucoma (n = 9) or retinitis pigmentosa, RP (n = 3). The ages of the CFL participants ranged from 19.9 to 55.0 years (mean age = 36.2 years), and those of the PFL participants ranged from 32.3 to 77.4 years (mean age = 61.7 years). The fully sighted (FS) participants ranged in age from 19.6 to 73.0 years. We divided the FS group into those who were younger than 50 years (n = 11, mean age = 36.9 years) and those who were at least 50 years of age (n = 12, mean age = 61.3 years). There was no significant age difference between the CFL and the young FS groups, F(1, 21) = 0.02, p = 0.89. Nor was there a significant age difference between the PFL older FS groups, F(1, 22) = 0.01, p = 0.93. Therefore, the data of the CFL participants were tested against the young FS group, and the data of the PFL participants were tested against the data of older FS group. Table 1 lists the characteristics of the various participant groups.
The participants with StargardtÕs disease were recruited from the Visual Function Center and the Lions Vision Center at the Wilmer Eye Institute. The glaucoma participants were recruited from the Wilmer Low Vision Center and the Glaucoma Clinic. Fully sighted subjects were identified through flyers and the centersÕ database of fully sighted volunteers. StargardtÕs disease is a form of macular degeneration that often begins in the second decade of life and progresses, generally leading to central scotomas with visual acuity 20/200 or worse. All the CFL participants had a diagnosis of StargardtÕs disease (and no other ocular disease) and were seen by a retina specialist the day of testing. The PFL participants had a diagnosis of either glaucoma or RP. Although glaucoma and RP are very different diseases, both diseases are characterized by progressive constriction of the visual field beginning in the mid-periphery and sparing of the central field until late in the disease. The glaucoma participants had a diagnosis of open angle glaucoma defined by gonioscopically open angles in both eyes and a reproducible visual-field abnormality in at least one eye. All the glaucoma participants had a complete ophthalmological examination by a glaucoma specialist on the day of testing. The RP participants had been previously diagnosed with RP by a retina specialist and were seen by a low vision specialist on the day of testing. Neither the glaucoma or RP participants had any other ocular disease.
All participants reported no musculo-skeletal limitations (e.g., orthopedic), diabetes, or endurance limitations (e.g., coronary problems) and were able to follow the instructions in the initial practice sessions. Informed consent was obtained from each subject after the nature and possible consequences of the study were described. The research followed the tenets of the Declaration of Helsinki and was approved by the Johns Hopkins Medical Institution committee on human experimentation.
Visual Function Tests
Vision function was measured for the purpose of characterizing the visual status of the participants, and the measured values are listed in Table 1 . Visual acuity was measured binocularly using the subjectÕs habitual refractive correction with an ETDRS eye chart (Ferris, Kassoff, Bresnick, & Bailey, 1982) trans-illuminated at 130 cd/m 2 . Visual acuity was scored as the number of letters correctly read, (Bailey, Bullimore, Raasch, & Taylor, 1991) and converted to log MAR (the logarithm of the minimum angle of resolution). Peak contrast sensitivity was measured binocularly also using the subjectÕs habitual refractive correction with the Pelli-Robson letter sensitivity test (Pelli, Robson, & Wilkens, 1988) . The test was administered at a viewing distance of 1 m with overhead illumination (approximately 85 cd/m 2 ). Contrast sensitivity was scored as the number of letters correctly read and converted to log contrast sensitivity (the logarithm of the reciprocal of the contrast of letters at visibility).
For the PFL and fully sighted participants, visual fields were measured binocularly by kinetic perimetry with a Goldmann perimeter using the III/4e target (0.44°test spot at 320 cd/m 2 ) on a background luminance of 10 cd/m 2 . Visual field loss was calculated as the difference between the mean binocular visual field extent of the younger FS and each PFL participant. For 9 of the 12 persons with StargardtÕs disease, the size of a dense scotoma was measured monocularly in each eye by static perimetry (Sunness et al., 1995) using the confocal scanning laser ophthalmoscope (SLO) equipped with graphics capabilities (Webb, Hughes, & Delori, 1987) . The monocular scotomas were converted to an estimate of a binocular scotoma by determining the scotomatous area common to both eyes when the monocular retinal images were overlaid with the retinal fixation locations anchored. Three CFL participants were tested during the time when the SLO was inoperative. For these participants, documentation of the presence of central scotomas in each eye was obtained from fundus photographs, but we were unable to obtain estimates of binocular scotoma size. Different perimeters were used to obtain visual field measurements on the PFL and CFL participants. Traditional perimeters, which were used to test the PFL participants, operate on the assumption that fixation is at the fovea during testing, and therefore they are not suitable for testing persons with central visual field loss. And the SLO which was used to test the CFL participants, has a limited field of view (<40°horizontal diameter), making it unsuitable to obtain accurate measurements of visual field extents.
Stimulus
The experiments were run using an immersive virtual environment (VE). The VE in this study was constructed using 3D Studio Max (Discreet, Montreal, CA) and exported to a graphics engine developed in-house with C++ and MicrosoftÕs DirectX. The graphics program used the output from the HiBall head tracker together with the imported scene to determine the subjectÕs current point of view in the environment. Perspective views of the environment were displayed in the head-mounted display (HMD) using a GeForce3 graphics board (nVIDIA, Santa Clara, CA). A vertical pole served as the goal. It was located 8 m from the participantÕs starting position, and its width in 3D space decreased as the participant approached so as to maintain a constant size in the 2D perspective image. Three scenes were presented: goal with no context (goal alone), goal with visual context (goal-in-forest), and visual context with a brief presentation (1 s) of the goal prior to walking (forest alone). The last condition was used to test memory-guided walking. Fig. 1 illustrates the three types of scenes. As shown, the visual context consisted of trees positioned in a quasi-random pattern on a field of grass with textured mountains ahead at a distance. Fig. 2 (A) and (B) illustrates the goal-in-forest scene from the viewpoints of a CFL and PFL participant, respectively. The images of the scenes were reconstructed from head-and eye-position data and the participantÕs visual field.
Alignment stimulus
Prior to each trial the subjects were free to move their body and head to achieve proper alignment. During this alignment phase, the virtual room was empty except for an array of nine small crosses (each 2°· 2°) positioned at a distance of 8 m from the subject. The crosses were arranged in a square pattern of three rows and three columns, with an end-to-end distance of 25.4°. A single large cross (25.4°· 25.4°) was tethered to the subjectÕs head movements. The subject was instructed to move his or her head to superimpose the large cross onto the four smaller crosses that were positioned along the cardinal directions. When the crosses overlap, the subjectÕs head is in the proper starting position.
Apparatus
Head-tracking
Head position and orientation were measured with the HiBall-3000 Optical Tracker (3rd Tech, Chapel Hill, NC). Optical sensors were mounted in a holder that was attached to the top of the headset and infra-red LEDs were housed on the ceiling tiles of the testing room. Head position and orientation were sampled every 7 ms. Tracker resolution is reported to be 0.2 mm, with an angular precision less than 0.03°. The output of the head tracker was filtered using an exponential smoothing function with a 90 ms time constant. Head position and orientation were used to determine the subjectÕs point of view and record the walking path. In conditions where the optic flow was offset from the subjectÕs actual direction of walking, a 10°rotation was applied to the sampled head position and orientation prior to processing the scene for the next frame.
Head-mounted display
The display device was a head-mounted video display system (a modified Low Vision Enhancement System developed by Robert Massof at the Wilmer Eye Institute). The headset contained two color microdisplays (SVGA, 800 · 600 3D OLED Microdisplay, Emagin Corp.). The field of view of each was 48°(H) · 38°( V), with spatial resolution approximately 0.06°/pixel. The displays have a refresh rate of 60 Hz. Spatially offset images are sent to each display producing a binocular view. To determine the lag in the system, we compared the successive images of two recorded videos, taken at the time of a sudden jerk of the headset: one camcorder recorded the movement of the head tracker and the other camcorder recorded the display. A single tone was applied to the audio channel of the two camcorders and used to trigger the capture by the video capture board (IMAQ PCI-1409, National Instruments Corp., Austin, TX). Each field of the NTSC video image was digitized, and the time difference between corresponding events determined. The result showed an 8-field delay Fig. 1 . Illustrations of the three scenes: (A) goal alone, (B) goal-inforest, and (C) forest alone. The goal was a white vertical pole, with constant size in the 2D perspective image, located 8 m from the participantÕs starting position. All scenes were displayed for 1 s prior to walking. In the forest-alone scene, the goal was shown together with the forest for the initial second and then removed from the scene to test memory-guided walking. (133-ms time lag) from the beginning of the headset movement to the corresponding change in the image on the display.
Design and procedure
Each scene was tested with the three offsets, 0°(i.e., no offset), ±10°(left and right rotation), for a total of 9 conditions. Each condition was tested three times for a total of 27 trials per session. The trials were randomized within a session. The subjectÕs task was to walk to the goal (a white pole) as quickly and accurately as possible. Before experimental data were collected, each subject was given three practice trials, one for each scene. The practice trials were presented to familiarize the participant with walking in a virtual environment and as such were displayed with no offset. A trial began immediately when the participant was properly aligned. The scene was displayed for 1 s, followed by a tone at which time the participant was to start walking to the goal (or to the location of the goal in the forest-alone condition). Once the participant passed an invisible line at 8 m another tone sounded, and the scene disappeared replacing the display with a uniform gray screen. At that time the participant turned around and, guided by the experimenter, walked back to the starting location and the next trial began. Throughout the trial, the participants were free to move their eyes, head, and body to perform the task.
Data analysis
Walking paths were determined from the data obtained from the HiBall head tracking system. The discrete wavelet transform (Daubechies wavelet of the sixth order, Db6) (Ismail & Asfour, 1999) was applied to the data to filter out the oscillations associated with gait. Heading error was defined as the subjectÕs direction of walking (tangent to the path) minus the direction of the goal, averaged over the 2-6 m section of the path. In the offset conditions, an average heading error of 10°would indicate no influence of optic flow, hence the use of an egocentric-direction strategy. An average error of 0°would indicate the sole use of optic flow, the use of an optic-flow strategy. Fig. 3 illustrates the expected paths of the two strategies.
To avoid estimates of heading error being unfairly influenced by an extreme outlier, we used the median heading error of the three trials per condition. The median heading errors for the left and right offset conditions (±10°) were combined for a heading-error estimate for each participant. Measures of inter-trial variability were computed as one-half the inter-quartile range of the three trialsÕ heading errors.
Separate analyses were run for the CFL and PFL groups due to the large discrepancy in age. The data of the CFL participants were tested against the data of the fully sighted participants younger than 50 years (young FS), and the data of the PFL participants were tested against the data of the fully sighted participants 50 years and older (older FS). An additional control for age was achieved by assigning age as a covariate in the statistical tests of heading error, i.e., analyses of covariance (ANCOVA).
To test the hypothesis that the influence of optic flow in goal-directed walking is reduced in persons with visual field loss compared to persons with full vision, a mixeddesign ANCOVA was performed on the heading errors in the goal-alone and goal-in-forest scenes. Scene (goalalone, goal-in-forest) was the within-subjects factor, group (CFL vs. young FS or PFL vs. older FS) was the between-subjects factor, and age was the covariate. A significant main effect of scene would indicate the influence of optic flow in goal-directed walking, and a significant interaction between scene and group would indicate the impact of vision field loss on the influence of optic flow in goal-directed walking.
The ability to use a stored representation of either the goalÕs position or an offset relative to a landmark in the place of a visible goal was tested in a mixed-design AN-COVA comparing the heading errors in the forest-alone and goal-in-forest scenes. Scene was the within-subjects factor, group (CFL vs young FS or PFL vs older FS) was the between-subjects factor, and age was the Fig. 3 . Illustrations depicting an egocentric-direction strategy (A) and an optic flow strategy (B) for a +10°right offset. For either strategy, to center the goal in the display, the head would have to turn to the left 10°. For the egocentric-direction strategy (A), the participant walks in the perceived direction of the goal, which generates a constant heading error of 10°. (Note centering the goal in the display results in the head and torso in alignment.) The first-person view of the goal-in-forest scene is shown with a radial pattern overlaid to indicate the position of the FOE, which is offset to the right of the perceived direction of the goal. Shown in (B) is an optic-flow strategy where the FOE of the optic flow pattern is superimposed on the goal, generating a heading error of 0°. In this case, centering the goal in the display results in the head and torso out of alignment by 10°. The radial pattern is for illustration purpose only and was not seen by the participants. covariate. A significant main effect of scene would indicate differences attributable to the goalÕs presence, and a significant interaction between scene and group would indicate the impact of vision field loss on that difference.
Since heading errors often fall short of the actual displacement magnitude even in the absence of visual context (Harris & Bonas, 2002; Rushton et al., 1998) , we used the heading error obtained in the goal-alone scene as baseline to compute a mean difference score with the heading error in the goal-in-forest scene, and this score served as an estimate of the magnitude of the optic-flow influence. This score was tested against a mean value of 0°in a Wilcoxon Signed Rank test to determine whether the optic-flow influence was statistically significant for each group. Pearson-product correlations were computed between the difference scores and the size of the scotoma in CFL (and visual field extent in PFL) to test the hypothesis that the optic-flow influence is negatively correlated with the magnitude of visual field loss.
Results
Offset conditions
The results of the goal-directed heading-error analysis comparing the CFL group to the young FS group showed a significant main effect of scene, F(1, 20) = 8.04, p = 0.01, and a significant interaction of scene and group, F(1, 20) = 7.87, p = 0.01. Post hoc tests showed that the heading error in the goal-alone scene was comparable for the two groups, F(1, 20) = 0.53, ns, indicating CFL does not affect oneÕs ability to use an egocentric strategy to walk to a goal. The heading error in the goal-in-forest scene was larger for the CFL group compared to the young FS group, F(1, 20) = 7.23, p = 0.01, indicating an effect of CFL on the use of optic flow to guide walking. Table 2 reports the means for all conditions and groups. The results specific to the 10°offset conditions are shown in Table 2A .
A comparison of the PFL group with the older FS group showed a significant main effect of scene, F(1, 21) = 10.55, p = 0.004, but no significant interaction of scene and group, F(1, 21) = 0.27, ns. Both the PFL and older FS groups had lower heading errors in the goal-in-forest scene compared to the goal-alone scene. Fig. 4 shows paths of representative participants from each subject group (CFL, PFL, young, and older FS) together with the expected paths from an egocentric-direction and optic-flow strategies. Shown are paths for a 10°offset condition. The graphs in Fig. 4(A) show paths for the goal-alone scene. Note the similarity in the paths of all subject groups in the goal-alone condition. All walking paths were in agreement with the expected path of an egocentric-direction strategy; participants walked Fig. 4 . Paths of representative participants from each subject group shown together with the predicted paths of the egocentric-direction (curved gray line) and optic-flow strategies (straight gray line). Shown are paths from the À10°left offset condition for a CFL (red line), PFL (blue line), young FS (black solid line), and an older FS participant (black dashed line). Average heading error was calculated from the center of path, between 2m and 6 m (dotted horizontal lines). For the goal-alone scene (A), the egocentric-direction prediction closely matched the paths of all groups. For the goal-in-forest scene (B), the paths of the PFL and FS participants fell between the predicted paths of the egocentric direction and optic-flow strategies (dotted region) but the path of the CFL participant fell outside the predicted regions. For the forest-alone scene (C), the egocentric-direction prediction closely matched the paths of the CFL and older FS participants, the younger FS group fell between the predicted paths of the egocentric direction and optic-flow strategies, and the path of the PFL participant veered off course, showing an inability to effectively locate the goalÕs position. in the direction of the offset image of the goal. For the goal-in-forest scene (Fig. 4(B) ), the paths of the PFL and FS participants fell between the expected paths of the egocentric direction and optic-flow strategies, revealing some influence of the optic flow in goal-directed walking for these subject groups. The path of the CFL participant showed no influence of optic flow on their walking paths. Fig. 4(C) shows the paths for the forest-alone condition, which is discussed below. Movies of representative participants and graphs of all the participants are accessible in supplementary material. The magnitude of the optic-flow influence for all groups was statistically greater than 0°at the 0.05 significance level as determined by the Wilcoxon Signed Rank test. The young FS group had the largest optic-flow influence, an average of 3.64°, which was about three times that of the CFL group (1.27°), t(21) = 2.73, p = 0.01. The PFL and older FS groups did not differ in the degree to which optic flow influenced their paths, 2.42°vs 2.89°, respectively, t(22) = 0.52, p = 0.61.
The distributions of the optic-flow influence are presented in Fig. 5 as histograms for the CFL and younger FS groups (A) and for the PFL and older FS groups (B). A value of 0°indicates no influence, that is heading error was the same regardless of whether the forest was present or not. Increasing positive values indicate a greater optic-flow influence. A negative value indicates a smaller heading error when the forest was absent. One participant had a large negative value, which could be attributed to an exceptionally low heading error in the goal-alone scene, i.e., 1.7°. Fig. 5(A) illustrates the finding that CFL is associated with a reduced effect of optic-flow on walking. Fig. 5(B) shows a significant overlap in distributions for the PFL and FS groups, with some PFL participants showing a larger influence of optic flow compared to some older FS participants.
Heading-error means for the memory-guided walking task are shown in Table 2A in the column labeled forestalone. The results of an ANCOVA comparing the heading errors of the forest-alone and goal-in-forest scene for the CFL and young FS groups showed a significant effect of group, F(1, 20) = 6.2, p = 0.02, indicating that the FS group had smaller heading errors than the CFL group. Scene was also significant, F(1, 20) = 6.07, p = 0.02, with larger heading errors in the forest-alone scene. The interaction between scene and group was not significant, F(1, 20) = 0.02, p = 0.90. In short, heading errors were larger for the CFL group and when the goal was out of view.
A comparison of the PFL group with the older FS group showed a significant effect of group, F(1, 21) = 5.12, p = 0.03 and a significant effect of scene, F(1, 21) = 10.63, p = 0.004. Heading errors were larger for the PFL group and when the goal was out of view. The interaction between scene and group was also significant, F(1, 21) = 6.5, p = 0.02. The results of a post hoc analysis localized the effect of the interaction to a significant difference in heading error in the forest-alone scene between the older FS and the PFL groups, F(1, 1) = 10.33, p = 0.004. Heading errors were larger for the PFL group compared to the older FS group, but only in the forest-alone scene. In the forest-alone scene, heading errors were 9.2°and 12.2°for the older FS and PFL groups, respectively.
Paths of representative participants from each subject group in the forest-alone scene are shown in Fig. 4(C) . Note the close match in paths of the CFL and older FS participants to the predicted path of the egocentric direction strategy, and the substantial veering off course of the PFL participantÕs path. In this study, heading error was calculated on the mid-section of the walking paths, from 2 m to 6 m (the region in Fig. 4 between the two dotted horizontal lines). As shown in Fig. 4(C) , even the young FS participant showed a slight veering off course at the very end of the path.
Pearson product correlations were computed to examine the associations of subject characteristics with the magnitude of heading error and optic-flow influence. Tables 3A and 3B report the correlation coefficients for the CFL and PFL groups, respectively. We had hypothesized that the magnitude of optic-flow influence would be negatively correlated to the magnitude of visual field loss. As shown in Table 3A , the results of the nine CFL participants for whom we had quantitative visual field data did not support this hypothesis. The correlation between the optic-flow influence and scotoma size was r = +0.26, p = 0.49 for the horizontal extent and r = +0.60, p = 0.09 for the vertical extent. The small sample size (n = 9) limited the power of the statistical analysis. Even so, the trend of the correlation is in the opposite direction to the hypothesized negative relationship between the magnitude of optic-flow influence and size of central visual field loss. None of the other measured visual characteristics of the CFL group was significantly correlated with optic-flow influence or heading error in any of the scenes.
For the PFL group, a negative relationship between the magnitude of optic-flow influence and size of visual field loss is equivalent to a positive relationship between optic-flow influence and the size of the visual-field extent. As shown in Table 3B , the correlations were positive but not significant at the 0.05 level (r = 0.42, p = 0.17 and r = 0.37, p = 0.23 for the horizontal and vertical visual field extents, respectively). The one correlation that was significant in the PFL group was the association between visual field extent and heading error in the forest-only scene (r = 0.66, p = 0.02 and 0.73, p = 0.01 for horizontal and vertical field extent, respectively); the smaller visual field the greater the heading error. When the older FS group is added to the analysis, correlations increase to 0.72, p = 0.0001 and 0.80, p < 0.0001. To illustrate the relationship between heading error and size of visual field extent, Fig. 6 plots heading error in the forest-alone scene as a function of visual field extent. Age was the only other factor significantly associated with heading error, and it was correlated with the PFL participantsÕ heading error in the goal-alone scene (r = À0.60, p = 0.04).
Each subject participated in three trials of each condition. As such, heading-error variability can be computed from the scores. The amount of variability from trial to trial indicates how tightly a stimulus governs a response. Inter-trial variability was estimated as one-half the inter-quartile range (IQR) of the three trialsÕ heading errors. This estimate was used instead of the standard deviation since the median heading error served as the average. The mean (and SD) estimates of the subject groups are shown in Tables 2A and 2B for the 10°-offset  and 0°- Taken together, the results show that the two groups with visual field loss have more inter-trial variability in their walking paths in the goal-in-forest and forest-alone scenes compared to the age-matched fully sighted groups. The CFL group also had more variability in the goal-alone scene than the young FS group.
No-offset conditions
With the goal-in-forest scene, walkers could use either the perceived direction of the goal or the optic-flow to guide their walking. In the offset conditions discussed above, the two sources predict different paths to the goal. One might argue that the cue-conflict situation in the offset conditions biases the walkers against an optic flow strategy (argument elaborated more fully in Section 4). If the reduced optic-flow influence in the CFL group were merely an artifact of the experimental design, we would expect to find evidence of an optic-flow benefit, e.g., lower inter-trial variability, when the two sources predict similar paths to the goal, as in the no-offset condition.
An ANCOVA on the variability estimates for the CFL and young FS groups in the goal-alone and goalin-forest scenes revealed a significant main effect of group, F(1, 20) = 5.77, p = 0.03, but no significant main effect of scene, F(1, 20) = 0.21, p = 0.65. The interaction of scene and group was significant, F(1, 20) = 4.17, p = 0.05. However, contrary to the expected, the source of the interaction was not a lower amount of variability in the goal-in-forest scene compared to the goal-alone scene for the CFL group, F(1, 10) = 0.006, p = 0.94, but rather a higher amount of variability in the goalalone scene for the CFL group compared to the young FS group, F(1, 1) = 9.84, p = 0.02. For the PFL and older FS groups, the main effect of group was not significant, F(1, 21) = 0.75, p = 0.40, nor was the main effect of scene, F(1, 21) = 0.09, p = 0.76, or the interaction of scene and group, F(1, 21) = 0.65, p = 0.43.
Discussion
The goal of this study was to determine the impact of visual field loss on the visual information people use to guide walking. We tested two situations, one in which the goal was displayed within a scene (goal-directed walking) and the other where the goal was initially displayed within the scene but then removed prior to walking (memory-guided walking). A third scene, one in which the goal was displayed alone, served as a basis for comparison. We hypothesized that visual field loss would reduce the influence of optic flow in goal-directed walking. The results supported this hypothesis; Optic flow had little influence on the paths of the CFL participants. All other groups, young and older fully sighted and PFL groups, showed signs of using both optic flow and an egocentric-direction strategy in goal-directed walking. For memory-guided walking, all but the PFL group were able to effectively use the egocentric-direction strategy coupled with some sort of internal representation of the goalÕs position or offset from a visible landmark to guide walking. The PFL participants veered significantly off course when the goal was out of view, either as a result of failing to accurately encode, update, or retrieve a memory of the goalÕs position or of an offset relative to the visible objects in the scene.
Optic flow influence in goal-driven walking
Optic flow played only a small role in guiding the paths of the CFL walkers. Instead, the CFL walkers relied on the goal as a beacon to guide their walking, regardless of whether a scene was present or not. What could explain the CFL participants reduced reliance on optic flow? The following section discusses several possible explanations.
One possibility is that persons with CFL have less optic flow available in any one fixation due to the nature of their vision loss, and as a consequence, the influence of optic flow on behavior is diminished. Although the logic behind this reasoning is sound, the PFL data argue against this as being the primary reason. Some persons with PFL whose visual fields were as small as 15°(diameter) showed a large optic-flow influence. Moreover, the correlations between scotoma size and magnitude of optic-flow influence in the CFL group were not in the expected negative direction, rather the correlations were positive and not statistically significant (r = 0.26, p = 0.49 and r = 0.60, p = 0.09 for the horizontal and vertical extents, respectively).
A second possibility is that persons with CFL have reduced visual acuity, and their poor sensitivity to fine details may have affected their ability to process the optic flow or visual texture information. A reason to posit this as a possible explanation comes from the findings in a different type of vision-action study, one which showed that postural sway increases in proportion to decreasing visual acuity (Paulus, Straube, & Brandt, 1984) . However, the results of a direction discrimination experiment with simulated optic flow patterns suggest that decrements in visual acuity alone should not affect the ability to process changes in heading direction (Kim & Turano, 1999 ). Kim and Turano used spatially band-pass filtered simulated optic flow patterns and found, at slow locomotor speeds, performance was comparable to that obtained with patterns composed of either low or high spatial frequencies. The poor correlation between spatial resolution and the magnitude of the optic-flow influence in the present data (r = 0.22, p = 0.50) also argues against visual acuity being the primary reason for the reduced reliance on optic flow in CFL.
A third possible reason for the reduced reliance on optic flow is based on the elevated thresholds for slow motion or image-displacement in persons with CFL (Turano, Dagnelie, & Herdman, 1996) . The same neural mechanism that detects image motion is thought to provide input into the mechanism that processes the global properties of optic flow (Duffy & Wurtz, 1991; Lappe & Rauschecker, 1993; Orban et al., 1992; Perrone & Stone, 1994; Tanaka & Saito, 1989) . Persons with elevated displacement thresholds, as in CFL, may not be able to detect the slow motion near the FOE, i.e., the region that elicits the lowest heading detection thresholds in fully sighted subjects (Crowell & Banks, 1993; Warren & Kurtz, 1992) . Furthermore, the retinal-image motion of the optic flow pattern is directly related to locomotor speed, therefore, activities such as walking would generate an overall low image speed. This explanation fits with previous findings, such as the correlation between image-motion thresholds and magnitude of postural sway in CFL (Turano et al., 1996) as well as an increase in postural sway at low flicker rates (low flicker rates abolish smooth motion perception) (Paulus et al., 1984) . It is possible that at slow locomotor speeds the compromised motion mechanism in CFL fails to produce a strong enough input signal to the mechanism responsible for more complex motion processing, as needed for determining the FOE in optic flow. Along a similar line, the inability to detect small displacements or differentiate small differences in image displacement would adversely affect decisions based on the use of the local cues in optic flow, e.g., displacement cues, DPD and ID, for determining heading (Cutting et al., 1992; Vishton & Cutting, 1995) .
Finally, the oculomotor control associated with eccentric fixation in persons with CFL increases attentional demand and introduces noise, both which might interfere with an optic-flow strategy. Saccadic eye movements require attentional resources (Kowler, Anderson, Dosher, & Blaser, 1995) , and in CFL, because non-foveating saccades have poorer accuracy (Timberlake et al., 1986; Whittaker, Cummings, & Swieson, 1991) and precision (Whittaker, Budd, & Cummings, 1988; Whittaker et al., 1991) , subjects make more corrective saccades (White & Bedell, 1990; Whittaker et al., 1991) . Studies have shown that attentional load increases heading error in experiments with simulated optic flow (Royden & Hildreth, 1999; Wann, Swapp, & Rushton, 2000) as well as the path accuracy of pilots in flight simulators (Raby & Wickens, 1994) . Thus, it is possible that the increased attentional load associated with non-foveating saccades reduces the effectiveness of optic flow as a cue to guide walking. In addition, non-foveating saccades are associated with centripetal eye drift (Whittaker et al., 1988) , which would introduce a rotational component in the retinal flow field. If the detection of heading requires a decomposition of the translation and rotation components of the optic flow field, then the addition of an uncompensated rotational component would reduce the signal-to-noise ratio of the heading information. The high inter-trial variability of the walking paths of the CFL group in the goal-in-forest scene supports the idea that noise may have limited the ability of the CFL group to process the optic flow. It is also possible that poor oculomotor control would affect optic-flow strategies that require active scanning or an ''exploratory eye'' (Kim & Turvey, 1999; Vishton & Cutting, 1995; Wilkie & Wann, 2003) to find the fastest or slowest displaced object (Vishton & Cutting, 1995) or an image position whereby the vectors are perpendicularly aligned (Kim & Turvey, 1999; Wilkie & Wann, 2003) to determine the direction of heading or locomotor path.
In sum, persons with CFL show a reduced reliance on optic flow to guide their walking paths. While the reason for this remains uncertain, our results indicate that the cause is unlikely to be the size of the visual field loss or a reduction in spatial resolution in CFL. Possible explanations include an increase in motion-discrimination thresholds for slow speeds, which occur near the FOE in the optic flow patterns, and/or problems associated with poor oculomotor control.
Peripheral visual field loss did not affect the use of optic flow in goal-directed walking. The PFL group used optic flow to guide walking to nearly the same extent as the older FS group. The presence of optic flow reduced heading error in the two groups by approximately 30% (26% in the PFL group and 32% in the older FS group). In fact, one participant with a visual field of 15°· 10°exhibited the largest optic-flow influence in the study, 7.6°(average optic-flow influence in the older FS group was 2.9°). This finding demonstrates that small visual fields do not prevent the use of optic flow to guide walking, a finding in agreement with the heading detection results of Li and Peli (Li et al., 2002) . However, we should point out that not all persons with PFL used optic flow to guide their walking. One PFL participant, with a visual field of 117°· 91°, had a negative influence of visual context, À1.1°. This lack of a direct relationship between magnitude of optic-flow influence and visual field extent is revealed in the small and non-significant correlation between the factors (r = 0.42, p = 0.17 and r = 0.37, p = 0.23 for horizontal and vertical visual field extent, respectively, Table 3B ).
Egocentric-direction strategy and memory-guided walking
In the memory-guided walking task, the goal is displayed for 1 s together with the forest and then it is removed from the scene. At that time the participants were to start walking to the goalÕs location. Goodale suggests that as soon as a target is out of sight the actor switches from an egocentric to an allocentric coding scheme that involves ''relational metrics and scene-based coordinates'' (Goodale, Westwood, & Milner, 2004) . In our task, the walkers could have coded the absolute position of the goal or an offset relative to a feature in the environment (i.e., landmark) and then used the stored representation with either an optic-flow or egocentric-direction strategy to guide their path in the same manner as the goal in the goal-in-forest scene. In either case, some type of stored representation would be required for accurate performance and that is what differentiates the memory-guided from goal-directed walking.
For all but the PFL group, heading errors in the forest-alone scene were comparable to those in the goalalone scene. In the goal-alone scene, there is no optic flow; the only visual information is the goal itself. That the heading errors in the forest-alone scene were comparable to those in the goal-alone scene suggests that for all three groups the egocentric-direction strategy is able to function in the absence of the goal. A stored representation of either the goalÕs position or an offset from a visible landmark appears sufficient when the goal is out of view. The PFL group was the only group whose heading errors in the forest-alone scene exceeded those when the goal was presented alone. When the goal is out of view, the PFL participants appear to lose track of where they are relative to where the goal was positioned. Without the presence of the goal to serve as an anchor, their walking paths drifted off course (see the PFL path in the forest-alone condition of Fig. 4) .
What could explain the lack of successful navigation in the PFL group? One possibility is that the PFL participants never had the opportunity to code the goal relative to a feature in the scene due to their small visual fields. We verified that both the goal and a tree (i.e., a probable landmark) were visible on the initial frame of a 10°window (smaller than our smallest visual fields-11°· 14°and 15°· 10°), by post-inspection of all the trials. Moreover, if a participant desired a spatially extended sample of the scene, he or she could have moved their head or eyes to sequentially obtain the information. In theory the PFL participant potentially had sufficient information available to encode the goalÕs location relative to some feature in the visual context.
It is possible that the goal was initially coded relative to a landmark but as the PFL participant moved along the path the spatial relationship was not accurately updated or maintained. As a person moves forward, the angular separation between the landmark and referenced position increases. At some point the PFL participant would no longer be able to simultaneously view both positions and a head or eye movement would be required to successively view them. The participants may have chosen not to expend the time and effort to make head and/or eye movements, or if they did, head and/ or eye rotations may have interfered with updating the spatial representation. The strong correlation between heading error in the forest-alone condition and loss in visual field (r = 0.73, p = 0.01) supports the explanation that a simultaneous view of both the landmark and the referenced position aids in establishing and/or updating the spatial representation as one moves.
A final possible explanation is that the metric of the scene and/or the PFL participantÕs awareness of his or her position within the scene might not have been sufficiently established to support an accurate representation of the spatial structure. Rieser, Hill, Taylor, Bradfield, and Rosen (1992) postulated that a wide visual field is important for the development of the sensitivity to non-visual information during locomotion, which they purport is the key for learning the spatial structure of a scene. A wide visual field allows for the detection of the covariation of proprioceptive and efferent information associated with locomotion and the dynamic visual information that varies across the visual field. In the Rieser et al. experiment, subjects judged distances and directions among landmarks in a familiar area. Those with early-onset PFL were significantly less precise than those with full vision or those with late-onset PFL. Presumably the early experience of the late-onset PFL is sufficient to calibrate the proprioceptive and efferent information. In our experiment, all the PFL participants had late-onset PFL, but none had ever experienced our virtual environment. According to a view put forth by Rieser et al., the participants would need to establish a calibration to determine its spatial structure. The CFL and FS groups could learn the spatial structure of the virtual environment as they walked through it and detected the covariation of the proprioceptive and efferent information with the dynamic visual information across the visual field. But the narrow visual fields of the PFL participants would prevent them from detecting the covariation and as a consequence would result in an unreliable calibration of the virtual environment.
Comparison of fully sighted results to Warren et al
Total reliance on optic flow for walking in the goalin-forest scene would generate an average heading error close to 0°, resulting in an optic-flow influence close to 9°given the average heading error in the goal-alone scene was 8.7°. The young FS group had the largest influence of optic flow in goal-directed walking, with an average of 3.6°(average heading errors of 8.7°and 5.0°for the goal-alone and goal-in-forest scenes, respectively). Within the young FS group, though, there was considerable variability, with the optic-flow influence ranging from 0.7°to 6.5°. When one considers that heading error was calculated from the region of the path in which optic flow would be expected to have its maximal effect (i.e., the central region), the influence of optic flow to guide walking can be considered modest, at best, even in the young FS group. Warren et al. (2001) were the first to use an immersive virtual environment to dissociate optic flow from egocentric cues to study the control of locomotion. Rushton et al. (Rushton et al., 1998) published an earlier study using prisms. In Warren et al., the walking paths of young fully sighted observers were measured in scenes of increasing visual texture or context. To directly compare our results to theirs, we recomputed heading error using our method of computation and the digitized data of their walking paths in the ''target line'' and ''doorway + posts'' scenes, conditions comparable to our goal-alone and goal-in-forest scenes. The computed heading errors in their study were 8.8°and 3.0°, respectively, producing an average optic-flow influence of 5.8°. Comparable conditions in our study yielded heading errors of 8.7°and 5.0°and an optic-flow influence of 3.6°for the young FS group. Despite the fact that their target line expanded with decreasing distance to the observer and ours did not, the heading errors in the goal-alone and ''target line'' conditions were nearly identical, 8.8°vs 8.7°. However, the heading error in their ''doorway + posts'' scene (3.0°) was smaller than that in our goal-in-forest scene (5.0°). It is possible that the difference is due to the stronger egocentric cues in our scene, e.g., goal was a long pole in our study and a short ''doorway'' in theirs, and our forest scene consisted of a corridor lined with trees, whereas theirs appears to be a random placement of posts. The other difference between studies, though less likely to have had a substantial effect, is the smaller field of view in our study (48°· 38°) compared to theirs (60°· 40°). In spite of the difference in optic-flow influence between the two studies, both studies demonstrate that young persons with full vision use both the perceived direction of the goal and optic flow when it is available to guide walking, a converging view in several recent studies (Harris & Carre, 2001; Schubert, Bohner, Berger, Sprundel, & Duysens, 2003; Warren et al., 2001) . However, the wide variability in the magnitude of the optic-flow influence within the same environment demonstrates that salience and availability of visual texture are not the sole determining factors, contrary to the Warren et al. (2001) model.
Cue-conflict situation
In the offset conditions, the optic flow was offset relative to the participantÕs actual direction of walking, which created a conflict in path information between optic flow and the perceived direction of the goal. The rationale behind this method is that the cue that is weighted more heavily (or relied upon) for walking will control or influence the direction of walking. In the present experiment, a +10°right offset created a shift in the image relative to the participantÕs facing direction. To center the goal in the display, a 10°head rotation around the y-axis (yaw) toward the left is required (Fig. 1(A) illustrates a yaw of À10°) . If the participant centers the goal in the display, and uses an egocentric direction strategy for walking, the head will be aligned with the torso. However, if the participant centers the goal in the display and uses an optic-flow strategy, the head will be rotated relative to the torso. Hollands et al. (2002) have shown that, when walking naturally, people align their head (and eyes) with their direction of travel, providing an allocentric frame of reference to control the movement of body in space. In our experiment, the unnatural position of the head relative to the torso that would be required if the participant chose to center the goal and use an optic-flow strategy may have biased the results toward an egocentric-direction strategy and as such underestimated the influence of optic flow. If this were the case, we would expect to find a significant decrease in variability with optic flow in the nooffset conditions, where there was no cue-conflict. The fact that this was not the case for any of the subject groups weighs against the idea that the cue-conflict situation unfairly biased participants against the use of optic flow. Furthermore, for the reported effects of visual-field loss to be merely artifacts of the study design, one would have to argue that the cue-conflict situation biases only particular subject groups and not others.
Clinical implications
Persons with visual field loss often report and manifest difficulty walking in unfamiliar environments, with the types of problems that persons with visual field loss face differing depending on the region of the loss. (Black et al., 1997; Brown, Brabyn, Welch, Haegerstrom-Portnoy, & Colenbrander, 1986; Genensky et al., 1979; Geruschat et al., 1998; Haymes, Guest, Heyes, & Johnston, 1996; Kuyk & Elliott, 1999; Kuyk, Elliott, & Fuhr, 1998a; Lovie-Kitchin, Mainstone, Robinson, & Brown, 1990; Marron & Bailey, 1982; Szlyk, Arditi, Coffey Bucci, & Laderman, 1990; Szlyk et al., 2001; Turano et al., 1999a; Turano et al., 2002; Turano et al., 1999b) . This study revealed the types of visual information that are lost or under-utilized by persons with CFL or PFL in walking tasks. These results, taken together with a consideration of the orientation/mobility problems of each group, may provide a better understanding of why they have the problems they do and point towards possible engineering solutions.
In our study, participants with CFL showed a decreased reliance on optic-flow for walking. As discussed above, the pattern of motion in the optic flow can indicate the direction an observer is heading, but optic flow can also reveal the relative depth of objects. The CFL participantsÕ decreased use of optic flow for walking may be less of a problem in directing their heading, since they are capable of using the perceived direction of the goal (or a goal substitute) to guide their path, and more of a problem for detecting the depth in the environment. Thus, the loss of an optic-flow influence could be a contributing factor in their difficulty detecting drop-offs and negotiating stairs, which are significant mobility problems reported by this group (Szlyk et al., 1998) .
The results of the memory-guided walking task revealed that persons with small visual fields do not accurately position themselves relative to a landmarkreferenced position in the environment. Our data cannot determine whether the difficulty lies in their inability to establish an accurate representation of the spatial structure or their inability to update self-to-object relationships while moving. In either case, an accurate spatial representation of the visual context is lacking in this group, and could explain their difficulty moving around in crowded areas and experiencing unwanted contacts or bumps (Turano et al., 1999a; Turano et al., 2002) .
Conclusions
Persons with central field loss are less influenced by optic flow in their walking than persons who are of similar age with full vision. For this group of visually impaired subjects the goal serves as a beacon to guide their path. They appear to use a similar strategy for memory-guided walking with the exception that the goal is replaced by a stored representation of the goalÕs position or an offset relative to a landmark in the scene. Possible explanations for the reduced reliance on optic flow to guide walking include increased thresholds for slow motion and poor oculomotor control in CFL. Conversely, persons with peripheral field loss utilize optic flow to the same degree as their fully sighted counterpart for goal-directed walking but they are unable to effectively use either strategy when the goal is out of view. These data suggest that peripheral vision is important in establishing and/or updating the representation of the spatial structure of a scene.
